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ABSTRACT
The Supernova 2008D is similar to that of SN 1987Awithout the H-envelope. Soderberg et al. (2008)
reported the serendipitous discovery of the SN2008D at the time of the explosion, accompanied by an
X-ray outburst XRF080109. The central remnant, which we believe to be the black-hole (BH) central
engine in the Blandford-Znajek mechanism, is estimated, on the basis of the 7% 56Ni production, to
have a mass of 1.6 − 1.8M⊙. This is not much larger than the upper limit of 1.56M⊙ for the mass
of the compact object in SN1987A found by Bethe & Brown (1995); also, on the basis of the 7.5%
56Ni production, they interpreted it as a low-mass BH. Redoing the light curve so as to take into
account the absence of convective carbon burning from zero age main sequence (ZAMS) 18 − 24M⊙
and replacing it by carbon shell burning, we see that the remnant in SN2008D must be less massive
than in SN 1987A; there of ∼ 18M⊙. Thus, the maximum neutron star mass is ∼ 1.5M⊙. Note that
the metallicity of the host galaxy of SN2008D is similar to that of our Galaxy.
Subject headings: binaries: close — gamma rays: bursts — black hole physics — supernovae: general
— X-rays: binaries
1. INTRODUCTION
Brown et al. (2007) showed that the subluminous
gamma-ray bursts (GRBs) came from the soft X-ray
transient sources; i.e., from BH binaries. They also
showed (Brown, et al. 2008a) that LMC X−3 could be a
relic of a cosmological GRB. Therefore, we consider a bi-
nary as a possible progenitor for XRF080109/SN2008D.
We also compare the explosion in SN1987A with the ex-
plosion in SN2008D. The latter is, of course, that of a he-
lium star, because the hydrogen envelope was removed in
common envelope evolution. Our Case C mass transfer,
which requires the He in the He star to be burned before
common envelope evolution is helpful in preserving the
binary preceding collapse. In fact the He-core burning
must have taken place long preceding collapse.
ZAMS stars of the mass we consider here go first into
a neutron star which then goes into a BH in a delayed
explosion (Timmes et al. 1996).
Much of the H envelope in the progenitor of SN1987A
was present at the time of the explosion, but this is shown
to not affect the later evolution into a BH.
In section 2 we discuss the application of the
Blandford-Znajek mechanism as central engine for
GRBs. In section 3 we discuss hypercritical accretion
which was necessary in the evolution of the compact ob-
ject in SN1987A. In section 4 we construct the explosion
and in section 5 we compare the core masses of SN1987A
and SN2008D. In section 6 we discuss the relation to
other GRBs.
2. BLANDFORD-ZNAJEK MECHANISM
Brown et al. (2007) evolved the subluminous GRBs as
the soft X-ray transient sources; namely they came from
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binaries. In the case of XRF060218 , the donor (sec-
ondary star) was estimated to have a mass of mD ≈
10M⊙, scaling from Cyg X−1 (Brown, et al. 2008a). On
the other hand, we shall show that the mass of the
SN2008D progenitor is probably about the same as that
for SN2006aj. The former is, however, in a galaxy of
roughly solar metallicity whereas the galaxy of the latter
has low metallicity.
What interests us are: a) Both of the binaries have lit-
tle 12C, which tells us that both progenitors came from
near the threshold for BH formation, ZAMS 18M⊙ (see
fig.1 of Brown et al. (2001)). b) Both XRFs are sublumi-
nous. The ram pressure energy in clearing the ambient
matter out of the way for γ-rays, cuts down their energy
substantially.
We discussed the Blandford-Znajek mechanism in
which the rotating BH was the central engine in pow-
ering the subluminous GRBs in Brown et al. (2007). We
use the XRF lifetime (eq. (8) in Lee et al. (2000))
τBZ = 2.7× 10
3(1015G/B)2(M⊙/MBH) s. (1)
By equating τBZ with the T90 = 2100 ± 100 s of
XRF060218 we find B15 ∼= 1.3 G, and in the case of
XRF080109 with T90 = 600 s (Tanaka et al. 2008) we
find B15 = 1.6 G, both reasonable.
In Fig. 1 we show the ZAMS 20M⊙ from Schaller et al.
(1992). If we use Case C mass transfer, the core He must
be burned and then the He envelope goes into He-shell
burning and the supergiant expands. The donor, the
secondary star in the binary, is of relatively low mass
compared with the supergiant. The Roche lobe overflow
can start only after He core burning is finished; other-
wise Case A or B mass transfer takes place. The donor
mass is small compared with that for the giant, so its
Roche lobe will only be ∼ 20% of that of the giant, with
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Fig. 1.— The radial evolution of Schaller et al. (1992) 20 M⊙.
The rapid rise from 1,000 to 1, 200R⊙ is the time of the He shell
burning; i.e., of He red giant.
Roche contact established when the giant begins He-shell
burning; i.e. the initial separation will be ai ∼ 1200R⊙
(Brown et al. 2001b).
Now, initially, we expect the hypernova heat and XRF
(kinetic) energies to be about equal, from equipartition.
However, the X-rays have to produce ram pressure work
to clear the way through the He star for the jet, and this
takes up most of the kinetic energy.
The heat energy, which is transformed into kinetic en-
ergy, of the supernova is about 5 bethes for SN2008D
and 2 bethes for SN2006aj. Using Lee et al. (2002) we
can find the mass of the donor (secondary star) that will
give SN2008D 2.5 times more angular momentum energy
than SN2006aj.
Using the relation between the He core to the star
MHe = 0.08(MGiant/M⊙)
1.45M⊙ Lee et al. (2002) found
that the separation following common envelope evolution
was
af =
(
Md
M⊙
)(
MGiant
M⊙
)−0.55
ai (2)
where Md is the donor (secondary star) mass. From Ke-
pler we have the preexplosion period
days
Pb
=
(
4.2R⊙
af
)3/2(
Md +MGiant
M⊙
)1/2
(3)
Since we take MGiant and MHe = 4.6M⊙ to be the same
for SN2006aj and SN2008D (see Sec. 4), we can easily
estimate the ratio of orbital rotation rates (Ωorbital):
Ω2008D
Ω2006aj
=
(
Md,2008D +MHe
Md,2006aj +MHe
)1/2(
Md,2006aj
Md,2008D
)3/2
.(4)
The extractable spin energy in Blandford-Znajek is
Erot ∝ f(a⋆)MBHc
2 (5)
where a⋆ is the dimensionless spin parameter given by
a⋆ = JBHc/GM
2
BH ≈ IHeΩHec/GM
2
BH and
f(a⋆) = 1−
√
1
2
(1 +
√
1− a2⋆). (6)
Here we assume that the angular momentum is conserved
during the collapse from He star to BH, neglecting the
(small) mass left in the disk, some of which will be lost
in the explosion. For low a⋆, f(a⋆) ∼= a
2
⋆/8. We therefore
take the energy as proportional to Ω2He. By assuming
the tidal locking between the orbital period and the spin
period of He star (Lee et al. 2002), one can take ΩHe ≈
Ωorbital. This, then, gives a donor mass of ∼ 6.8M⊙ for
SN2008D.
3. SN1987A EVOLVED INTO A BLACK HOLE
It is now more than 20 years since the explo-
sion of SN1987A. Nothing has been seen of it.
Brown & Weingartner (1994) wrote down an analytical
scenario showing that the compact object went into a
BH, the mass of which (Bethe & Brown 1995) was shown
to be ≤ 1.56M⊙ from the 7.5%
56Ni production. This
calculation involved a 3900±400 km separation distance
(between matter that fell back and matter that went to
infinity), but the density was low at that point, so the BH
mass was insensitive to the separation. The assumption
of Bethe & Brown (1995) that the compact object was
a BH was strengthened by the Chevalier (1989) work,
which showed that after only ∼ 1 year SN1987A should
be observed with a luminosity ∼ LEdd = 4 × 10
38 ergs
s−1 were a neutron star present, whereas the actual lu-
minosity was 4× 1036 ergs s−1, two orders of magnitude
less. A BH was calculated to contribute at the level of
1034 − 1035 ergs s−1 (Brown & Weingartner 1994). The
difference could come from radioactivity of the clouds.
Hypercritical accretion; i.e., accretion at a rate
faster than Eddington, was employed in the
Brown & Weingartner (1994) work as well as by
Chevalier (1989). The excess radiation energy was
carried off by neutrinos.
Recently a clear proof that hypercritical accretion was
necessary in the evolution of the binary M33 X−7 was
given by Moreno Me´ndez, et al. (2008). The present-day
binary with period 3.45 days would have broken up by
loss of mass soon after the explosion which formed the
BH had hypercritical accretion not taken place. Hyper-
critical accretion into the BH of M33 X−7 was required.
In many cases, hypercritical accretion may not be pos-
sible because of the large amount of angular momentum
which must be present, or other reasons, but it is clear
that in some cases hypercritical accretion is possible. In
fact, many cases of Bondi accretion do involve hypercrit-
ical values, as in the Brown & Weingartner (1994) work.
4. THE EXPLOSION
Now, the common envelope evolution in the binary
progenitor of SN2008D must, like those of other GRBs
(Brown et al. 2007), be of type Ic; i.e., the He burn-
ing must be finished before the hydrogen envelope is re-
moved. We have shown that the BH results from an
∼ 18M⊙ ZAMS giant. However, we clearly do not see
the explosion until after the core He is burned. From
Brown et al. (2001), we see that convective carbon burn-
ing ceases just at the threshold 18M⊙ ZAMS mass for
BH evolution, basically just at the giant progenitor mass
of SN1987A. There is carbon present from shell burn-
ing, at about 10% relative abundance, which is substan-
tially hotter than it would be were it burned convectively.
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The precise abundance is, however, uncertain because
the shell burning is chaotic.
The He star corresponding to a ZAMS 18M⊙ star has a
mass of ∼ 4.6M⊙, somewhat less than the Tanaka et al.
(2008) value of 6M⊙. But whereas Tanaka et al. (2008)
finish the maximum in the light curve off by a “little
bit of carbon”, we believe that, since there is not enough
carbon to burn convectively, a small amount of the hotter
shell that burned carbon will do. The helium will first
be seen with the advent of He shell burning; i.e., as the
helium burning goes red giant. Just this low-mass He
star will expand to several R⊙ ending in the ignition of
more massive metals (van den Heuvel 1992). So far the
evolution should be similar to that of SN2006aj, which
also showed a lack of carbon lines and also came from
an ∼ 18M⊙ giant (Brown et al. 2007). In the case of
SN2006aj a shell of oxygen comprising ∼ 0.1M⊙ and
expanding at velocities between 20,000 and 30,000 km/s
may be responsible for the early ultraviolet brightening
(Mazzali et al. 2008). Oxygen is produced in the He rich
layer, but Tanaka et al. (2008) find a fraction of only
0.01M⊙.
As noted earlier, with a secondary star of ∼ 6.8M⊙,
SN2008D will be substantially more energetic than
SN2006aj, with an estimated secondary star mass of
∼ 10M⊙ (Brown, et al. 2008a), which is the same as the
Galactic XTE J1819−254 or GRS1915+105 at the time
of the explosion (Brown et al. 2007). These would have
given subluminous GRBs, just as found for SN2006aj.
However, the 6.8M⊙ donor of XRF080109 is closer in
mass to the ∼ 4M⊙ in LMC X−3 (Brown, et al. 2008a),
which was found to be a relic of a cosmological type GRB.
As noted in Brown et al. (2007), donors of about this
mass should give the maximum rotation energy that can
be accepted. The kinetic energy which feeds the GRB in
XRF080109 should be of the same general size as the en-
ergy of that of SN2006aj, from equipartition. However,
the XRF must pay ram pressure energy to clear the pas-
sage of material through the He star so that γ-rays can
be emitted. But we estimate that there would still be
enough energy so that the explosion would be luminous,
as seen.
In summarizing the initial X-rays, these come similarly
to those in XRF060218, but for only 1/4 to 1/3 of the
time.
The hypernova takes place much later, at ∼ 19 days
following the XRF. The general scenario is that the hy-
pernova is powered by the deposition of BH rotational
energy onto the accretion disk. The viscous timescale
(Bethe et al. (2003), p.359)
τvisc =
1
α
( r
h
)2
τdyn, (7)
where with the strong (∼ 1015 G) magnetic field per-
pendicular to the accretion disk the α in the α-viscosity
will not be much less than unity, but the inner disk is
quite thin, h ∼ 0.2r (MacFadyen & Woosley 1999). The
dynamical time for direct collapse would be only ∼ 12 s,
giving τvisc ∼ 1 hour. However, the delivery of heat from
the BH to the accretion disk is like the little ball bounc-
ing around in a roulette wheel, the sides of which are
the accretion disk. Only ocasionally will the ball hit the
center of the disk and it is easy to see that the τvisc could
be lengthened by two or three orders of magnitude (the
number of collisions it must make in reaching the center
each time) (Roger Blandford, private communication).
Not only is the chaotic transfer of heat long, but so
is the build up of the hypernova. It is the most ener-
getic part of the whole explosion, reflecting better the
rotational energy of the BH, the part giving rise to the
X-rays having a very low efficiency because of the net
ram pressure energy that must be paid to clear their way
through the He star.
Thus, the ∼ 6 bethes of the hypernova energy should
be doubled, assuming equipartition between kinetic and
heat energies, as our estimate of rotational energy deliv-
ered to the binary. This is perhaps ∼ 1/2 of the total
rotational energy, the BH being kept rotating following
the explosion. The total energy is, therefore, ∼ 40% of
that of LMC X−3 (Brown, et al. 2008a), which was es-
timated to be that of a cosmological GRB.
5. A DETAILED COMPARISON OF CORE MASSES
It is clear from the amount of 56Ni production that the
BH in SN1987A and the one in SN2008D are nearly equal
in mass. Both Bethe & Brown (1995) and Tanaka et al.
(2008) found the compact object mass to be determined
by the amount of 56Ni production. Indeed, for SN1987A
the production was 7.5% and for SN2008D, 7%. We shall
see that, although this is a small difference, all of the
small differences favor the BH in 1987A be slightly more
massive than in SN2008D.
We shall use the Woosley & Weaver (1995) massive
star evolution. In their Table 3 they give the Fe core
masses, for their Model A for solar metallicity. From
the table we see that the Fe core of SN1987A in the
Bethe & Brown (1995) upper limit of 1.56M⊙ would
come from a ZAMS 18M⊙ Fe core, and the upper limit
of Tanaka et al. (2008) of 1.8M⊙ would essentially come
from a ZAMS 22M⊙ Fe core. The main point we want to
make here is that the mass of the BH comes from the Fe
core, just as Bethe & Brown (1995) in reconstructing the
explosion SN1987A that the Fe production determined
the mass of the BH.
First of all, one difference is that SN1987A had a Type
II explosion. The main effect from this in the difference
we discuss is that when the shock wave hits the hydro-
gen envelope, there is a compression wave which moves
backwards and sharpens into a reverse shock. However,
this takes ∼ 1 yr to come back to the compact object
(Chevalier 1989), so it has no effect and the H-envelope
does not have an effect on the compact object.
Secondly, the SN2008D progenitor is in strong rotation.
This means that the neutron star is held up with a some-
what higher mass than it would have without the rota-
tion by the centrifugal force before dropping into the BH.
Additionally, the rotating compact object in SN2008D is
heated by the viscosity from the interacting BH which
means that it should produce more Fe than in SN1987A.
The 22M⊙ for SN2008D arrived at by Tanaka et al.
(2008) is motivated by the need of 6M⊙ of He by the
vph = 7, 500 km s
−1 of the photosphere, in the He layer,
would only be < 3500 km s−1 were the He 4M⊙. How-
ever, they mentioned that “the C-abundance in the He
layer is poorly known because of the uncertainties in-
volved in the C-production by convective 3 α-reaction in
progenitor models and those in the Rayleigh-Taylor in-
4stability at the He/(C+O) interface during explosions,
which tends to be stronger for lower mass He stars.”
Tanaka et al. (2008) find that some enhancement of C is
needed in their 4M⊙ and 6M⊙ in the He layer “to repro-
duce the observed light curve near the peak more nicely.”
The 12C burning was carried out very carefully by Alex
Heger (Heger et al. 2001), and reported in Brown et al.
(2001). The threshold for BH formation is at ∼ 18M⊙,
just at the ZAMS mass of SN1987A, just before the cen-
tral carbon abundance drops below 15%, the necessary
amount for convective carbon burning. From ∼> 18M⊙ to
∼ 24M⊙ there is not enough
12C for convective burning;
the 12C curves come from shell burning, which is some-
what chaotic and which takes place at temperature much
higher than the convective burning. The abundance of
central 12C is ∼ 10%, not lot less than necessary for con-
vective burning.
This component of high energy 12C shell burning has
not been included in Tanaka et al. (2008). Looking at
Tanaka et al. (2008)’s Fig. 2 light curve, it could easily
convert a 4.5M⊙ He light curve for an 18M⊙ progenitor
into that of a 22M⊙ progenitor.
We find, then, because of all of the reasons given above,
that the progenitor of SN2008D should be less massive
than that of SN1987A, although the difference in mass
is not large. At the moment, a good estimate would be
the Bethe & Brown (1995) 1.5M⊙. We knew that the
most massive well measured neutron star is the Hulse-
Taylor 1.44M⊙ pulsar. Error bars are such that there is
no good case for a neutron star more massive than this.
This leaves us with the Bethe & Brown (1995) 1.5M⊙
as maximum neutron star mass. This mass has been
assaulted several times but the relevant observations of
J0751+1807 in our Galaxy (Nice et al. 2005) have been
withdrawn (Nice et al. 2007; Brown, et al. 2008b).
6. RELATION TO OTHER GRBS
XRF080109 is subluminous, of the type described by
Brown et al. (2007). It is quite different from the long
GRBs discussed by Fruchter et al. (2006) which were in
irregular dwarf star-forming galaxies of low metallicity.
As discussed by Brown et al. (2007) and Brown, et al.
(2008a), the low metallicity is phenomenological; the real
dynamics is in the donor (secondary star) which must
be just right, ∼ (4 − 5)M⊙ in order to have a GRB of
cosmological energy. The dynamics come in in the mass
dependence on this metallicity.
Woosley & Weaver (1986) suggested that stars heav-
ier than ∼ 25M⊙ goes to more massive BHs, also that
such stars first explode, exhibiting light curves of Type
II supernovae and returning matter to the galaxy, and
then collapse into BHs. The compact core is, for a
certain range of masses, stabilized by thermal pressure
during the period of Kelvin-Helmholtz contraction long
enough to carry out nucleosynthesis, going into a BH af-
ter cooling and deleptonization. This was certainly true
for SN1987A, so we move Woosley and Weaver’s 25M⊙
down to 18M⊙. Presently we need BHs from ZAMS mass
∼ 30M⊙ to fall directly into BHs. Probably in between
they return matter to the Galaxy and then go into BHs.
SN2008D definitely was in the class of delayed explo-
sions. A weak X-ray flash (XRF080109) was detected
early, only 10.5 hours after the SWIFT detection of a
Type Ic supernova explosion. A first dim maximum
in the light curve was reached less than 2 days after
the XRF. After a brief decline, the luminosity increased
again, reaching principal maximum ∼ 19 days after the
XRF (Mazzali et al. 2008).
The long GRBs discussed by Fruchter et al. (2006) are
similar to LMC X−3, coming from star-forming irregular
dwarf galaxies involving more massive progenitors. They
are, therefore, greatly different from the XRFs discussed
in this paper.
7. CONCLUSIONS
We conclude that SN2008D which was luminous and
of which we could see the very beginning with He shell
burning left a BH core which powered the XRF by its
rotational energy and powered the supernova by viscous
heating of the remainder of the He star following the
collapse of its inner part into the BH. We have been
able to reconstruct the scenario from the detailed study
of XRF060218/SN2006aj, in which the XRF progenitor
had about the same mass, but the donor (secondary) star
was about double as massive.
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